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We prepared and characterized subcellular membrane fractions from the CNS of Aplysia californica that are enriched in isolated nerve terminals (synaptosomes). Ganglia were homogenized in 1.1 M sucrose and fractionated on a 2-step sucrose gradient, yielding 50 rg protein/animal in the synaptosomal fraction (P3), which was enriched 3-fold in plasma membrane as compared with the initial homogenate. Quantitative morphometry of electron micrographs revealed that P3 contained 25% intact synaptosomes, a B-fold enrichment over the homogenate.
Although fractionation on a 5-step sucrose gradient reduced the yield of protein in the synaptosomal fraction to 40 pg/animal, this fraction (the 0.35 M/ 0.75 M interface) was more enriched in plasma membrane than P3 and was less contaminated by lysosomes and free mitochondria.
By electron microscopy, the 0.35 ~/0.75 M interface contained up to 50% synaptosomes. Synaptosomal fractions contained CAMP-, Ca2+/calmodulin-, and Ca2+/ phospholipid-dependent protein kinase activities and were enriched in a M, 40,000 pertussis toxin substrate, G,,,. In the accompanying paper, we show that these synaptosomes retain the ability to release transmitters.
Synaptosomes are derived from nerve terminals that pinch off and reseal during homogenization (DeRobertis et al., 1962; Gray and Whittaker, 1962) . Preparations from both vertebrate and invertebrate nervous systems have been used for morphological, biochemical, and physiological studies of synaptic function (reviewed by Bradford, 1986) . Synaptosomes can maintain a resting membrane potential, and they retain the ability to release transmitter in a Ca2+-dependent manner when exposed to elevated extracellular K+ (DeBelleroche and Bradford, 1972; Blaustein, 1975) . Transmitter release from active synaptosomes can be modulated by exogenously added physiological agents, such as ACh (DeBelleroche and Bradford, 1978) , as well as by activators of protein kinases, such as phorbol esters (Nichols et al., 1987) . Membrane fractions containing synaptic endings were used in earlier biochemical studies in Aplysia, but these were not extensively characterized (Eisenstadt and Schwartz, 1975; Eppler et al., 1982) .
The cellular mechanisms underlying several kinds of synaptic modulation have been investigated in detail in the CNS ofAplysia (see, for example, Kandel and Schwartz, 1982) . The heterosynaptic modulation of transmitter release has been shown to be mediated by second messengers that are generated or mobilized in response to presynaptic input (Kaczmarek and Levitan, 1987) . In many instances, guanine nucleotide regulatory proteins have been implicated in the receptor-mediated production of second messengers (Gilman, 1987) , and protein kinases found to be important targets for these signals (Naim et al., 1985) . In this paper we describe the preparation of synaptosomes from Aplysia central ganglia by subcellular fractionation. We characterize the subcellular fractions biochemically and morphologically and determine the distribution of enzymes that participate in the metabolism of second messengers. In the accompanying paper we show that these synaptosomes are physiologically active and describe transmitter release from Aplysia synaptosomes and its modulation by histamine.
Materials and Methods
Aplysia (75-200 gm) were obtained from Marinus (Sand City, CA) or from the Howard Hughes Medical Institute's Mariculture Facility at the Woods Hole Oceanographic Institution. Radiochemicals were purchased from New England Nuclear (Boston). Biochemicals were from Sigma (St. Louis) unless otherwise specified. Preparation ofsynaptosomes. The structure and dissection ofthe Aplysia CNS have been described (Schwartz and Swanson, 1987) . Ca2+-free normal seawater (NSW-CaZ+) contained 460 mM NaCl, 10 mM KCl, 55 mM MgCl,, 20 mM Tris-HCl (pH 7.4), and 0.1% glucose.
Typically, synaptosomes were prepared from the CNS of 4 animals. Ganglia (abdominal, buccal, cerebral, pedal, and pleural) were trimmed of extraneous connective tissue sheath and blotted to remove seawater.
All procedures then were carried out at 4°C. The ganglia were homogenized by hand in 0.75 ml 1.1 M sucrose, 25 mM Tris-HCl (pH 7.4) with a Dual1 ground glass tissue grinder (size 20, Kontes, Vineland, NJ).
The thick sheath in animals heavier than 200 gm interfered with homogenization. Large pieces of sheath were removed by hand, and the remainder of the homogenate (H) was transferred to a 15 ml plastic, conical tube.
In the 2-step protocol (Fig. l) , a density gradient was constructed by layering 0.75 ml 0.8 M sucrose, 25 mM Tris-HCl (pH 7.4) over the homogenate. Centrifugation in a table-top centrifuge (1625 x g) for 10 min yielded a pellet (Pl), a deep orange lower layer, and a light orange upper layer. The 2 sucrose layers were each diluted with 3 vol of NSWCa2+ and centrifuged in an Eppendorfmicrofuge (15,600 x g) for 8 min, producing pellets (P2 and P3) and supematants (S2 and S3) from the lower and upper layers. P2 and P3 were resuspended in 0.1-0.2 ml NSW-Ca*+.
In the 5-step protocol (Fig. l) , a low-speed supematant (Sl) was prepared by table-top centrifugation (1625 x g) of the homogenate for i 0 min. TGe sucrose gradients consisted of the following solutions (all buffered with 25 mM Tris-HCl. DH 7.4): 1.5 M sucrose (0.4 ml). 1.1 M sucrose (0.4 ml), Sl (0.7 ml), 0.75 M s&rose/O.15 M Nadl(2.0 ml), and 0.35 M sucrose/O.35 M NaCl(0.5 ml); these were centrifuged in an SW60
The Journal of Neuroscience, January 1989. 9(l) 39 rotor at 19,300 rpm (50,000 x g) for 20 min. The 4 interfaces and the original S 1 layer (approximately 0.9 M in sucrose) were collected, diluted 3-fold with NSW-Ca2+, and centrifuged in a microfuge (15,600 x g) for 10 min. The pellets were resuspended in 0.1 ml NSW-Cal+. For comparison, a similar pellet (P,,) was prepared from a portion of S 1. Using the criterion of the ability to release transmitter we found that homogenization buffers of normal ionic strength (460 mM NaCl) or lower osmolarity (0.8 M sucrose) did not work as well as 1.1 M sucrose and that inclusion of protease inhibitors (EGTA, benzamidine, aprotinin) did not improve the recovery. If neural components were first prepared by removing the sheath from ganglia by dissection, no activity was recovered, probably because the isolated components were degraded in the time needed to collect sufficient amounts of tissue (there is less than 1 mg of neural component protein per animal). The rapid decay of transmitter releasing activity (undetectable after 1 d) and the coacervation of&lysia membranes in NSWCa*+ (Eisenstadt and Schwartz, 1975) hindered our efforts at further purification. Pollard and Pappas (1979) prepared squid synaptosomes by homogenization and flotation in 1 .O M sucrose.
Assaysfor marker enzymes. Assays were conducted at 23°C and were linear with time and with amount of tissue. Protein was measured (Lowry et al., 195 1) in the presence of 1 .O% SDS using BSA standards prepared in the appropriate buffers. S-Nucleotidase was assayed by the liberation of 'H-adenosine from 'H-AMP (Avruch and Wallach, 197 1) .
Acid phosphatase was assayed by following the appearance of the p-nitrophenol anion. Activity was measured in 0.4 ml of 0.25 M Na acetate-(pH 5.0) 5 mM p-nitrophenyl phosphate, and 0.1% Triton X-100. After 45 min. 0.4 ml of 1 N NaOH was added to ston the reaction. and the absorbance was measured at 4 10 nm using an extinction coefi ficient of 1.8 x lo4 M-I cm-'. Cytochrome c oxidase was assayed spectronhotometricallv in 1.0 ml of 50 mM KH,PO, (DH 7.5) containing 1 m&ml horse beak cytochrome c (reduced, orange), prepared by addmg a pinch of sodium dithionite to a 10 mg/ml stock solution of cytochrome c (oxidized, deep red). The rate of change in absorbance was measured at 550 nm using an experimentally determined extinction coefficient of 1.88 x IO4 M-I cm-l for the difference in absorbance between the oxidized and reduced forms.
Electron microscopy. We used morphometric analysis of electron micrographs (Williams, 1977) to evaluate the distribution of isolated nerve endings in synaptosomal fractions and to compare different methods for preparing synaptosomes.
Membrane fractions P2 and P3 were prepared using a 2-step gradient (Fig. 1) . Samples of the homogenate and Pl pellet were diluted in NSWCa2+ and centrifuged in a microfuge for 10 min. The resulting pellets (H, PI, P2, and P3) were fixed in 5% glutaraldehyde, postfixed in 1% OsO,, and prepared for electron microscopy (Thompson et al., 1976) . The microfuge pellets derived from the interfaces of the 5-step gradient ( Fig. 1) were fixed and processed similarly.
To evaluate the areas occupied by various membrane profiles, we used point counting analysis (Williams, 1977) . Thin sections (80-100 nm) were stained with uranyl acetate and lead citrate, and examined and photographed in a Phillips 30 1 EM. A series of 10-l 5 micrographs at a magnification of 19,170 in columns from top to bottom through the pellet was used in order to take into account the heterogeneity of the pellets. Each micrograph was placed under a rectangular point grid, and the membrane compartments under each point were scored as synaptosomes, mitochondria, lysosomes, or as other membrane (which included chromatin, small vesicles, connective tissue, unidentified membrane, and glial cell areas). The criterion used to identify synaptosomal membrane was an area containing synaptic vesicles encircled by plasma membrane. This criterion was applied rigorously so that representative micrographs, all of which were taken from the bottom third of the pellets (Figs. 2-4) may appear more enriched than the point counting analysis indicates (Table 3) . Many, but not all, synaptosomes contained enclosed mitochondria. The diameter of structures counted as synaptosomal ranged from 0.4 to 4.0 pm, and the number of enclosed synaptic vesicles was variable.
In pilot comparisons of preparative procedures, one series of micrographs was examined for each fraction using a 54-point grid yielding about 500 points/fraction. Two preparations using homogenization in 0.8 M sucrose and 2 preparations using homogenization in 1.1 M sucrose were analyzed. Homogenization in 1.1 M sucrose gave better preservation of tissue and a higher proportion of isolated nerve terminal membrane in the synaptosomal fraction, P3. For the more detailed analyses, 3 series of micrographs from each pellet were examined using a 108-point grid, an average of 4 100 points/fraction. The relative stan- The upper and lower sucrose layers from the 2-step gradient were diluted with 3 vol ofNSW-Ca2+ and centrifuged in a microfuge. The supematants were designated S3 and S2, the pellets, P3 and P2. From the 5-step gradient, membrane fractions were prepared by diluting the 4 interfaces and the Sl sucrose layer with NSW-Ca*+ and pelleting in a microfuge.
dard error (Williams, 1977) of the measurement of synaptosomal content was less than 10% for all 4 fractions. Assays of protein kinases. Three types of kinase activities were measured. All assays were performed at 23°C in 50 mM 3-(N-morpholino)propanesulfonic acid (pH 7.0 with NaOH), 20 mM MgCl,, 1 rnr.4 dithiothreitol, 0.1 mg/ml BSA (fatty acid-free) with additions as noted. Samples (l-5 rg protein in 0.1 ml) were first incubated for 10 min at 23°C; reactions were initiated by adding yJ2P-ATP (200 Ci/mol). Samples of 40 ~1 were removed at 5 and 10 min, and spotted on 2.4 cm disks of P8 1 filter paper (Whatman, Hillsboro, OR), which were washed 4 times with 75 mM H,PO, prior to scintillation counting (Roskoski, 1983) . The kinase reactions were linear with time for all of the subcellular fractions. Linearity with sample protein added was determined using dilutions of the homogenate.
CAMP-dependent protein kinase activity was defined as incorporation of radioactivity that was dependent on the presence of the heptapeptide substrate, LRRASLG (Eppler et al., 1986) ; this was essentially equivalent to the incorporation that was dependent on the presence of 10 PM CAMP. Under these conditions we found that greater than 97% of the 32P incorporation was phosphorylation of the peptide, and 90% of the phosphorylation was inhibited at 100 pg/ml protein kinase inhibitor (Sigma).
Ca2+/calmodulin-dependent protein kinase activity is defined as incorporation of radioactivity that was dependent on the presence of both Ca*+ (versus EGTA) and the synthetic peptide substrate corresponding to residues 11-23 of chicken gizzard smooth muscle myosin light chain (Peninsula, Belmont, CA) (Kemp et al., 1983) . Calmodulin-dependent protein kinase was assayed using the peptide at 50 PM in the presence of 20 rg/ml bovine brain calmodulin, 100 &ml protein kinase inhibitor, 0.5 mM CaCl,, 0.1% Nonidet P-40 (NP-40), and 50 PM ATP. Under these conditions, the Ca2+-dependent phosphorylation of the peptide accounted for all of the 3zP incorporated. This Ca*+-dependent phosphorylation was taken to be calmodulin-dependent kinase activity because it was stimulated 25-50% by exogenous calmodulin and inhibited 85% by 50 FM trifluoroperazine. This activity is unlikely to be due to protein kinase C (fragment M of protein kinase C is Ca*+-independent) because this peptide is not phosphorylated by purified mouse protein kinase C in the absence of phosphatidyl serine (Hassell et al., 1986) , and Aplysia protein kinase C is strongly dependent on phosphatidyl serine (see below). Nevertheless, definitive resolution ofthis point awaits purification of these kinases from Aplysiu.
Protein kinase C activity was defined as incorporation of radioactivity that is dependent on the presence of both phosphatidyl serine and phor- An Aplysiu nervous tissue homogenate was fractionated on a 2-step sucrose gradient (Fig. I) , and enzyme activities were measured as described in Materials and Methods. Results of 4 independent preparations are presented as x + SEM with percentage yields and the recovery of homogenate activity in the fractions in parentheses.
bol ester. Protein kinase C was assayed using histone Hl (Sigma type 111s) at 0.4 mg/ml in the presence of 100 &ml protein kinase inhibitor, 200 nM phorboll2-my&ate 13-acetate, 150 &ml phosphatidyl serine, and 50 PM ATP (Sacktor et al., 1986) . Under these conditions, the phosphatidyl serine/phorbol ester-dependent phosphorylation was confined to histone and was 82% of the total 32P incorporation.
32P-ADP-ribosylation. Subcellular fractions and homogenates were labeled with '*P-NAD and pertussis toxin as described (Vogel et al., 1989) , and analyzed by SDS gel electrophoresis. Additions to the reaction mixture are detailed in the figure legend. Incorporation was quantitated by solubilizing the gel slices (Chin, 1985) for scintillation counting.
Distribution of membranes
The distribution of membrane components in the gradient fractions was determined by measuring the activities of marker enzymes. 5'-Nucleotidase was used as a marker for plasma membranes, acid phosphatase for lysosomes, and cytochrome c oxidase for mitochondria. We could not reliably detect either glucose-6-phosphatase (a marker for the endoplasmic reticulum) or UDP-galactose:N-acetylglucosamine galactosyl transferase (the Golgi complex) in any of the subcellular fractions.
Results

Aplysia nervous tissue was homogenized
and fractionated on either a 2-step or 5-step discontinuous sucrose gradient (Fig. 1) . We used the 2-step gradient protocol for most of the experiments presented in this and the following paper because it was developed first and produced a partially purified synaptosome fraction, P3, within 1 hr after dissection of the animals. The 5-step gradient protocol was developed much later, took more time to carry out, and produced a synaptosomal fraction, the 0.35 M/O.75 M interface, of greater purity but of lower protein yield.
The membrane fractions, P2 and P3, from the 2-step sucrose gradient were enriched in all 3 marker enzymes (Table 1) as compared with the homogenate. P2 and P3 were not identical in their membrane content, however. While the specific activity of 5'-nucleotidase was about the same in P2 and P3, in P3 the specific activities of acid phosphatase and cytochrome c oxidase were lower. The supematant fractions, S2 and S3, with about half of the total homogenate protein, had lower specific activities of 5'-nucleotidase, acid phosphatase, and cytochrome c oxidase than did the homogenate, indicating that they were not enriched in plasma membrane, lysosomes, or mitochondria.
We first determined biochemically the distribution of plasma
The 5-step gradient produced a greater enrichment of plasma membrane, lysosomes, and mitochondria in the gradients. The membranes (5'-nucleotidase specific activity) than did the 2-step particulate fractions were then examined in the EM and quangradient, and contamination from lysosomes and mitochondria titatively analyzed for synaptosomes, lysosomes, and mitowas reduced ( Table 2 ). The yield of protein in the 0.35 ~/0.75 chondria. We also measured synaptosomal protein kinases and M interface fraction, 40 pg/animal, was slightly less than in P3 G proteins.
(50 &animal). Acid phosphatase activity was highest at the 0.9 - A low-speed supematant (Sl) of an Aplysiu nervous tissue homogenate was fractionated on a 5-step sucrose gradient as described in Materials and Methods. The results presented are from 1 of 4 independent experiments, all of which produced similar distributions of marker enzymes. The relative specific activities of plasma membrane to lysosomes (PM/Lyso) and to mitochondria (PM/Mite) were calculated by taking the ratio of the respective marker enzyme specific activities. The specific activity of 5'-nucleotidase in the homogenate was 100 pmol/min/mg. The percentage yields and the recovery of Ps, activity in the fractions are given in parentheses.
M/ 1.1 M interface and was well separated from the cytochrome c oxidase peak at the 1.1 ~/1.5 M interface. Although 5'-nucleotidase was spread across much of the gradient, a comparison of the specific activity of this enzyme to that of acid phosphatase (column 4) indicated that the 0.35 ~/0.75 M interface had the highest relative enrichment of plasma membranes with respect to lysosomes, with a ratio of 8.7. This represented a further purification of 2.4-fold compared with the plasma membraneto-lysosome ratio of 3.7 in P3 from the 2-step gradient (calculated from Table 1 ). The enrichment of plasma membranes with respect to mitochondria (column 5), 16.3, was also high at the 0.35 ~/0.75 M interface. This enrichment represented a 3.5-fold increase over that of P3 (calculated from Table 1 ). An interesting observation was a second peak of cytochrome c oxidase activity at the 0.35 ~/0.75 M interface. This subpopulation of mitochondria moved upwards in the gradient (refer to the position of Sl in Fig. l) , in a direction opposite to that expected for that dense, protein-rich organelle. This peak probably represents activity from mitochondria that are enclosed within synaptosomes (see Fig. 5A ).
Morphological characterization of the gradient fractions
We analyzed the composition of the subcellular fractions by electron microscopy. The particulate fractions from the 2-step gradient were easily distinguished by their major constituents: P3, synaptosomes; P2, synaptosomes and mitochondria; Pl, chromatin and connective tissue.
Quantitative comparison of the membrane pellets by point counting (Williams, 1977) revealed that P3 contained 26% synaptosomes by volume and was enriched 5-fold with respect to the homogenate (Table 3 ). This degree of purity is quite similar to that found with preparations from vertebrate brain (Bradford, 1986) . The corresponding values for P2 were 6.9% and 1.4-fold. The yields of synaptosomes in P2 and P3 were roughly comparable because of the greater protein content of P2 (Table 1) .
The morphology of areas of synaptic vesicles (both clear and dense-core) enclosed by a circular plasma membrane profile is shown in Figure 2A . In a sampling of 10 fields, the diameter of the synaptosomal profile was 1.3 f 0.2 pm (n = 10) in P3. Synaptosomes often enclosed mitochondria. Their size and content of other organelles were similar to those of synaptic terminals in intact Aplysia nerve cells (Coggeshall, 1967; Tremblay et al., 1979; Schwartz and Shkolnik, 198 1) .
We also frequently observed synaptosomes in contact with postsynaptic elements at active zones (Fig. 2, B, CT) . The postsynaptic membrane was separated from the synaptosome by a well-defined gap of 20-30 nm. On the cytoplasmic side of the synaptosomal membrane, pyramidal electron-dense projections and adjacent electron-lucent vesicles with diameters of 50-80 nm were present at the site of apposition. Postsynaptic densities usually were not seen, although electron-dense material was sometimes present in the synaptic cleft. These characteristic membrane specializations have been previously described in intact Aplysia ganglia (Coggeshall, 1967; Tremblay et al., 1979; Bailey et al., 198 1; Schwartz and Shkolnik, 198 1) .
Another neuronal structure found in P3 was an area of closely packed, irregular membrane profiles containing relatively few vesicles (Fig. 20) . Their organized and oriented arrangement is similar in appearance to that of neurites in the neuropil region of Aplysia ganglia. Since these areas were rare, it appeared that manual homogenization of intact ganglia adequately disrupts the neuronal components.
The membrane structures in P2 were usually smaller than those in P3, with an average diameter of 0.1-0.3 pm. Synaptosomes were present, though less numerous, and more lysosomes and free mitochondria were observed (Fig. 3A) . Other neuronal structures, such as fragmented neuropil and active zones, were rare. The quantity of free (100-200 nm) vesicles, however, was greatly increased in P2 as compared with P3. Presumably some of these were formed during homogenization from plasma membrane and endoplasmic reticulum and some are synaptic vesicles. The P2 pellet was quite heterogeneous. Small vesicles were predominant towards the upper surface of the pellet; synaptosomes and connective tissue components, which are larger, were found in the middle and towards the bottom.
Glial cells were identified by their 5-10 pm cell diameter and characteristic heterochromatin (Fig. 3B ) (Schwartz and Shkolnik, 198 1; Goldstein et al., 1982) . They were found in both P3 and P2, but the yield of intact glial cells was low.
Mitochondria enclosed by intact plasma membrane profiles, such as those in synaptosomes, invariably were better preserved than free mitochondria (Fig. 3C) . The organelles in sealed synaptosomes are protected from changes in ionic strength and in Ca2+ concentration. In preliminary experiments using a 0.8 M sucrose homogenization buffer, the mitochondria appeared swollen, and the synaptosomal areas were incompletely encircled by membrane. These indications of exposure to Cal+ were much less frequent in preparations using the 1.1 M sucrose buffer.
The low-speed pellet, P 1, contained connective tissue components, collagen fibrils, a ribbonlike amorphous ground matrix, and a chromatin network of fine strands and electrondense particles (Coggeshall, 1967) (Fig. 4) . Few intact neuronal nuclei were observed. The Pl pellet also appeared heterogeneous from top to bottom. Connective tissue and chromatin occupied almost the entire field, with small numbers of synaptosomes, lysosomes, and mitochondria dispersed in the upper part of the pellet.
The distributions of mitochondria and lysosomes in the 2-step gradient determined by point counting (Table 3) were in good agreement with those of the marker enzymes, cytochrome c oxidase and acid phosphatase. By quantitative morphometry, P2 was enriched in mitochondria as compared with the homogenate, while all 3 pellets contained about the same proportion of lysosomes. This same pattern had been observed for the enzyme specific activities (Table 1) .
A survey of the interface fractions of the 5-step gradient indicated that the pellet from the 0.35 ~/0.75 M interface (Fig.  5A ) was highly enriched in synaptosomes. Point counting analysis revealed an average synaptosome content of 3 1%, with some areas as high as 60%. Virtually all of the mitochondria in this fraction were sequestered within synaptosomes, and there were relatively few lysosomes. On the other hand, lysosomes were more enriched at the 0.9 ~/l. 1 M interface (Fig. 5B ) than in any other fraction. A similar enrichment was observed for free mitochondria at the 1.1 ~/1.5 M interface (Fig. 5c) . Thus, the morphological survey of the 5-step gradient was also in agreement with the distribution of membranes as determined by assays of marker enzymes (Table 2) .
Protein kinases
The synaptosomal fraction, P3, and the mixed membrane fraction, P2, were enriched in CAMP-dependent protein kinase ac- tivity compared with the homogenate (Table 4 , column 1). Enrichment of regulatory (CAMP-binding) subunits in Aplysia synaptosomes (Eppler et al., 1986; Greenberg et al., 1987a) and in synaptic fractions from rat brain (Maeno et al., 197 1; Kelly et al., 1979) has been reported earlier.
The P3 and P2 fractions were also enriched in calmodulindependent protein kinase activity as compared to the homogenate (Table 4 , column 2). In a survey of the substrate specificity of the Aplysia kinase, 3 histone preparations (Sigma types IIA, IIIS, VIIIS) were found to be relatively poor acceptors of phosphate (data not shown), as has been reported for rat brain and Torpedo electric organ calmodulin-dependent protein kinases (Kennedy et al., 1983; McGuinness et al., 1983; Palfrey et al., 1983) . We found that a synthetic smooth muscle (chicken gizzard) myosin light chain peptide is a good substrate for the Aplysia kinase with specific activities comparable to those found by DeRiemer et al. (1984) for an Aplysia nervous tissue homogenate using whole turkey gizzard myosin light chain as substrate. These results support the idea that this kinase (DeRiemer et al., 1984; Saitoh and Schwartz, 1985) is similar to the Ca2+/ calmodulin-dependent protein kinase II of rat brain (Nairn et al., 1985) .
The supematants, S2 and S3, were enriched in protein kinase C activity as compared with the homogenate (Table 4 , column 3). Measurement of protein kinase C activity in the subcellular fractions was complicated because detergent inhibited the Aplysia enzyme. Neither CAMP-dependent nor calmodulin-dependent protein kinase was inhibited by 0.1% NP-40. Furthermore, as described in the next section, this concentration of NP-40 was sufficient to render the interior of the synaptosome accessible to the external solution. In trials of protein kinase C assays in this work, 0.02-O. 1% NP-40 or Triton X-100 at low or high protein concentrations (Kikkawa et al., 1982) gave at most 40% stimulation and usually resulted in inhibition of phosphoryla- Fractions were prepared and analyzed by electron microscopy and point counting as described in Materials and Methods. The relative standard error (Williams, 1977) of the synaptosomal content is given.
tion. In the absence of detergent, we took the measured specific activities in the gradient fractions to be lower limits.
Although the recoveries of all 3 kinase activities are high, the distributions should still be interpreted with caution because all of these subcellular fractions are impure. The rates of reaction as well as substrate specificities could be influenced by proteolysis, phosphatases, endogenous inhibitors, etc. Further purification of the kinases from these fractions (e.g., P3-synaptosomal) would make it possible to define their functional parameters more accurately.
Pertussis toxin-G,,O
All of the subcellular fractions from the 2-step gradient contained a M, 40,000 pertussis toxin substrate that was resolved as a single band by SDS-PAGE (Fig. 6) . The presence of both G, and G, in Aplysia nervous tissue is probable but not established (see Vogel et al., 1989, for discussion) . Therefore, we refer to the A&, 40,000 pertussis substrate as G,,O (Critz et al., 1986; Vogel et al., 1989) . In the absence of detergent, decreasing ionic strength stimulated incorporation of radioactivity (Fig. 6B ). This was due to changes in accessibility because the addition of 0.1% NP-40 eliminated any effect of ionic strength and greatly stimulated net incorporation (Fig. 6A) . In a comparison of detergents, using the total homogenate, NP-40 or Lubrol PX increased ADP-ribosylation of G,,O to the same extent, this effect saturating at 0.1% (data not shown). Brij 35 and saponin did not stimulate incorporation to more than 10% of maximum and were inhibitory at concentrations greater than 0.02%.
Quantitation of 32P-ADP-ribosylation in the gradient fractions revealed that P3 and P2 were enriched 2-to 3-fold com- pared with the homogenate (Table 5 ). This distribution of pertussis toxin substrate is similar to that of 5'-nucleotidase (Table  1 , column 2), the plasma membrane marker, and is in agreement with the observation that Western blots with affinity-purified antisera specific for Goq GP, and G,,,,,,a (Mumby et al., 1986) also revealed an enrichment of these proteins in P3 (Chin et al., 1987) .
0.2 0.1 0.04 (95) Kinase activities were measured as described in Materials and Methods. Results from 3 independent preparations are presented as K * SEM with percentage yields and the recovery of homogenate activity in the fractions in parentheses. ADP-ribosylation with pertussis toxin was measured as described in Materials and Methods. Results from 3 independent preparations are presented as K + SEM with percentage yields and the recovery of homogenate activity in the fractions in parentheses.
Discussion
We have prepared and characterized subcellular fractions from Aplysiu that are enriched in nerve endings. These fractions also are enriched in protein kinases and G proteins, components that have been implicated in modulating transmitter release. We plan to examine the endogenous substrates of the protein kinases and the enzymes regulated by G proteins and to use this preparation of synaptosomes to identify other proteins that are present at Aplysia nerve terminals. The subcellular distributions of CAMP-dependent protein kinase and protein kinase C in Aplysia nervous tissue (Table 4) are similar to those reported for rat brain (Maeno et al., 197 1; Kikkawa et al., 1982) . With vertebrate brain, the larger quantities of starting material allowed more purification steps to be carried out, revealing that the kinase activities, assayed in Triton X-100, were approximately equally partitioned among fractions containing cytosol, microsomes and nuclei, and synaptosomes. Although we observed that 0.1% NP-40 permeabilized synaptosomes without inhibiting CAMP-dependent protein kinase, we were unable to unmask and preserve protein kinase C activity. In the rat brain synaptosome fraction, little activity was detected in the absence of detergent (Kikkawa et al., 1982) . The distribution of Aplysia Ca2+/calmodulin-dependent kinase also appears to be similar to its vertebrate counterpart. Using immunocytochemistry, Ouimet et al. (1984) found rat brain Ca2+/ calmodulin-dependent protein kinase II in nerve terminals and postsynaptic densities, although the rat brain enzyme immunoreactivity was greatest in cell bodies and neurites. On the other hand, using smooth muscle myosin light chain as a substrate, Edelman et al. (1985) observed that the Ca2+/calmodulindependent protein kinase activity in rat brain was mainly associated with synaptosomes. We also found the highest enzyme activity in the synaptosomal fraction (Table 4) . Previous work has provided evidence that G proteins are associated with membranes (Stemweis and Robishaw, 1984; Vogel et al., 1989) . They have been localized immunocytochemically in rat brain neuropil (Worley et al., 1986) , and the presence ofa G,-like molecule (cholera toxin substrate) in Torpedo synaptosomes has been reported (Lester et al., 1982) .
Our synaptosome preparation has already been used to study the role of second-messenger systems in synaptic function. The presence in the synaptosomal fraction of enzymes that metabolize arachidonic acid has been described (Piomelli et al., 1987a) . Arachidonic acid metabolites have been proposed to act as second messengers in the hyperpolarizing response of Aplysia siphon sensory cells to applied FMRFamide (Piomelli et al., 1987b) . Also, incubation ofthe synaptosomal fraction with CAMP produced changes in the ratio of catalytic to regulatory subunits of the CAMP-dependent protein kinase (Greenberg et al., 1987b) . The reduction in CAMP-binding proteins has been proposed as a mechanism for long-term sensitization (Greenberg et al., 1987b) . In the accompanying paper, we describe experiments demonstrating that Aplysia synaptosomes retain the ability to release transmitter, and that this release can be modulated.
